Abstract: We propose a novel method of compensation for imbalance between in-phase (I) and quadrature (Q) channels in the front-end circuit of digital coherent optical receivers. Adaptive finite-impulse-response (FIR) filters in the butterfly configuration, which are commonly used for signal equalization and polarization demultiplexing, are modified so as to allow for adjustment of any imbalance between the IQ channels. IQ imbalances under consideration include the gain mismatch, the phase mismatch, and the timing-delay skew. Computer simulations for the dual-polarization quadrature-amplitude-modulation (QAM) format up to an order of 256 show that such IQ imbalances can severely degrade the system performance, especially for higher order QAM; however, using the proposed scheme, we can compensate for them without any significant penalty over a wide range of imbalances.
Introduction
The recent development of digital coherent optical receivers has brought the 100-Gbit/s dualpolarization quadrature phase-shift keying (QPSK) system into practical use [1] . For further increase in the bit rate of optical fiber transmission systems, quadrature amplitude modulation (QAM), where both of the in-phase (I) and quadrature (Q) components of an optical carrier are modulated in a multilevel manner, is the best candidate among various modulation formats [2] . However, when higher order QAM formats are employed, their performances are seriously impaired by imperfections of the systems, such as phase noise of the transmitter laser and the local oscillator [3] , fiber nonlinearity [4] , and imbalance between the IQ channels in the front end of coherent optical receivers [5] . In this paper, we focus on the impact of the imbalance between the IQ channels on QAM signals. We propose a novel IQ-imbalance compensation scheme, where the conventional adaptive finite-impulse-response (FIR) filters in the butterfly configuration are modified so as to allow for adjustment of any imbalance between the IQ channels.
The front end of coherent receivers employing phase and polarization diversities converts complex amplitudes of the incoming dual-polarization optical signal into the electrical domain by means of homodyne detection with a free-running local oscillator. It provides four outputs, namely, IQ components of the complex amplitudes for horizontal and vertical polarizations [6] . Fig. 1 shows the configuration of the front end composed of polarization-beam splitters (PBSs), 90 optical hybrids, balanced photodiodes, and transimpedance amplifiers (TIAs). The four outputs from TIAs are sent to analog-to-digital converters (ADCs) followed by a digital signal-processing (DSP) circuit.
Imperfection in any of the 90 optical hybrids, balanced photodiodes, and TIAs in the front end may introduce IQ imbalance stemming from the mismatch of the gain and/or the phase between the IQ ports [7] . In addition, timing mismatch between the IQ ports may also be induced by the difference in the physical path length of the circuit trace, which is known as the IQ delay skew [8] . These IQ imbalances degrade the system performance severely if they are left uncompensated in the DSP unit of the receiver.
Several methods of IQ-imbalance compensation in the digital domain have been reported so far [9] - [11] . In [9] , the Gram-Schmidt orthogonalization procedure (GSOP) is investigated for the QPSK signal; however, when higher order QAM formats are employed, computational complexity is increased and very high ADC resolution is required. In [10] , the compensation is done by the ellipse-correction method, which is neither applicable to higher order QAM signals nor effective when the optical signal-to-noise ratio (OSNR) is low. The IQ-imbalance equalizer based on the constant-modulus algorithm (CMA) is demonstrated for the QPSK signal in [11] ; however, such an approach is again not applicable to higher order QAM signals. It should be also noted that none of the methods mentioned above can compensate for the IQ delay skew and that all of them need to use dedicated DSP circuits for IQ-imbalance compensation.
On the other hand, in this paper, we propose a novel scheme, which can overcome the difficulties of the previous schemes: First, our scheme can be applied to any modulation formats. Second, it can compensate for the IQ gain mismatch, IQ phase mismatch, and IQ delay skew all at once. Third, it can be implemented as a part of the conventional two-by-two butterfly-structured FIR filters, which have been commonly used for signal equalization and polarization demultiplexing.
In fact, our proposed scheme modifies the configuration of the conventional adaptive FIR filters in such a way that each of the complex-valued FIR filters is replaced with four real-valued FIR filters in an inner two-by-two butterfly structure. Then, our scheme has two input ports for each polarization, corresponding to the IQ outputs from the front end. Tap coefficients of the sixteen real-valued FIR filters can be updated using any stochastic-gradient-decent-based adaptation algorithm such as the decision-directed least-mean-square (DD-LMS) algorithm [12] and the CMA [13] . The initial convergence speed and the steady-state performance of the equalizer depend on the employed adaptation algorithm. In this paper, we use the DD-LMS algorithm with the training mode. The training mode ensures fast and reliable initial convergence and then switched to the decisiondirected mode. Such adaptation procedure provides the optimal steady-state performance for highorder QAM formats. By the proposed filter modifications, our scheme performs compensation for IQ gain/phase mismatch and IQ delay skew simultaneously, along with other conventional tasks of adaptive FIR filters such as sampling-phase adjustment [14] , polarization demultiplexing [15] , and compensation for polarization-mode dispersion (PMD) [16] .
With intensive computer simulations using the 10-Gsymbol/s dual-polarization 4-, 16-, 64-, and 256-QAM formats, we find that the system performance severely degrades if we use the conventional FIR-filter structure in the presence of IQ imbalance; however, our scheme can fully compensate for IQ imbalance generated in the receiver front end over a wide range.
The organization of our paper is as follows: Section 2 presents the formulation of front-end IQ imbalance based on the transfer-function matrix. In Section 3, we propose the novel scheme for IQimbalance compensation together with the tap-adaptation algorithm. Section 4 deals with intensive computer simulations on higher order QAM signals, and we conclude our paper in Section 5.
Formulation of the Problem
Let r x ÀI ðt Þ and r x ÀQ ðt Þ respectively be received signals from the I and Q ports of the front-end circuit for the x -polarization component, when IQ imbalances are not present. Similarly, let r y ÀI ðt Þ and r y ÀQ ðt Þ be those for the y -polarization component. Then, the complex amplitude of the optical signal is reconstructed as r x ;y ðt Þ ¼ r x ÀI;y ÀI ðt Þ þ jr x ÀQ;y ÀQ ðt Þ:
(
First, we consider the case that the IQ phase mismatch is included in the front end. In such a case, the I and Q axes in the complex plane are rotated by angles of x ÀI and x ÀQ , respectively, for the x -polarization component. Similarly, those angles for the y -polarization component are denoted as y ÀI and y ÀQ . IQ phase mismatches are given as x ÀI À x ÀQ and y ÀI À y ÀQ for x -and y -polarization components, respectively, which represent the offset from the correct angle of 90 . Using x ÀI , x ÀQ , y ÀI , and y ÀQ , the real and imaginary parts of the received complex amplitude r 
When we define the transfer matrix P x ;y stemming from the IQ phase mismatch as
equations (2) and (3) 
which expresses the mutual coupling of real and imaginary parts of the complex amplitude. Second, we consider the case that only the IQ gain mismatch is involved in the front end. In such a case, we can express the received complex amplitude as r g x ;y ðt Þ ¼ x ÀI;y ÀI r x ÀI;y ÀI ðt Þ þ j x ÀI;y ÀI r x ÀQ;y ÀQ ðt Þ:
In (6), x ÀI and x ÀQ are the gains of the I and Q ports, respectively, for the x -polarization component. Similarly, those values for the y -polarization component are y ÀI and y ÀQ . In case that x ÀI 6 ¼ x ÀQ , the IQ gain mismatch exists in the x -polarization port and it does in the y -polarization port when y ÀI 6 ¼ y ÀQ . The gain mismatching factor is defined as x ÀI = x ÀQ and x ÀI = x ÀQ for the x -and y -polarization components, respectively. Equations (1) and (6) yield the transfer matrix for the IQ gain mismatch G x ;y as
which leads to 
Third, we consider the case that only the IQ delay skew is involved between the I and Q ports of the front end. When time delays in the four output ports of the front end are given as x ÀI , x ÀQ , y ÀI , and y ÀQ , the complex amplitude reconstructed from the front-end outputs can be expressed as 
In case that x ÀI 6 ¼ x ÀQ , the IQ delay skew exists in the x -polarization component, whereas in case that y ÀI 6 ¼ y ÀQ , it does in the y -polarization component. We transform (9) into the frequency domain as
where ! is the angular frequency of the optical signal measured from the carrier frequency; R 
On the other hand, frequency-domain expressions for P x ;y and G x ;y are the same as P x ;y and G x ;y , since they are time independent. Therefore, the overall transfer function expressing the three kinds of IQ imbalances can be written in the frequency domain as
Using (12), we find that the complex amplitude including the front-end IQ imbalances is measured as 
in the frequency domain. To compensate for the IQ imbalances, we need to find the inverse matrix Q
À1
x ;y ð!Þ, which eliminates the IQ phase mismatch, the IQ gain imbalance, and the IQ delay skew, as shown by
Proposed IQ Compensation Scheme
This section discusses how we can generate the inverse matrix Q À1
x ;y ð!Þ using adaptive FIR filters. We assume that the linear transfer-function matrix of the link is given as H f ð!Þ in the absence of IQ imbalances. It is a two-by-two matrix including polarization-mode coupling. Fig. 2(a) shows the conventional adaptive FIR filters in the two-by-two butterfly structure. The discrete Fourier transform (DFT) of tap-coefficient vectors in Fig. 2(a) 
where ði; jÞ ¼ ðx ; y Þ, n denotes the index of the data sequence, and N is the tap length. As discussed in [17] , it can generate the inverse transfer function H À1 f ð!Þ in an adaptive manner. Since H À1 f ð!Þ is a two-by-two matrix with four complex elements, four butterfly-structured complex-valued FIR filters shown in Fig. 2(a) are capable of generating such matrix.
However, in order to compensate for IQ imbalances, tap-coefficient vectors h xx ðnÞ and h yx ðnÞ should generate Q À1 x ð!Þ because the input vector u x ðnÞ for them includes the IQ imbalances from the x -polarization channel. Similarly, h xy ðnÞ and h yy ðnÞ should generate Q À1 y ð!Þ to adjust the IQ imbalances of the y -polarization channel that is included in their common input vector u y ðnÞ. Since Q À1 x ;y ð!Þ is a two-by-two matrix that contains four independent elements, it is evident that the conventional FIR-filtering approach shown in Fig. 2(a) cannot generate Q À1 x ;y ð!Þ. On the other hand, Fig. 2(b) shows the proposed configuration, where each complex-valued FIR filter is replaced by four real-valued FIR filters in an inner two-by-two butterfly structure. Our scheme works on two inputs corresponding to real and imaginary parts of the input complex amplitude. In the following, subscripts ðÃÞ r and ðÃÞ i correspond to the real and imaginary parts of a variable, respectively. With an optimum tap-adaptation algorithm, such a configuration ensures that 
Equation (20) is the transfer matrix for implementing a complex multiplication with well-known procedure of using four real multiplications. With such a modification, the matrix can be multiplied with a column vector consisting of the real and imaginary parts of the complex amplitude. 
where is the step-size parameter, and e x Àr ;y Àr ðnÞ and e x Ài;y Ài ðnÞ are the real and imaginary parts of e x ;y ðnÞ, respectively.
Simulation Results and Discussions
To validate the proposed scheme, we conduct simulations on 10-Gsymbol/s dual-polarization 4-, 16-, 64-, and 256-QAM coherent systems. In the transmitter, the signal is band limited by a rootraised-cosine filter with a roll-off factor of 0.5. The signal is then impaired by phase noise of the transmitter laser and passes through a 100-km-long standard single-mode fiber (SSMF), whose transfer function consists of a chromatic-dispersion value of 1700 ps/nm and a Jones matrix for fiber birefringence. Additive white Gaussian noise (AWGN) from a preamplifier and phase noise from LO are then given to the signal. The 3-dB linewidths of lasers for the transmitter and LO are 500 kHz, 100 kHz, 10 kHz, and 1 kHz for 4-, 16-, 64-, and 256-QAM systems, respectively. To obtain the optimal performance, the signal is subsequently filtered by another root-raised-cosine filter to match the signal waveform shaped at the transmitter. After that, we intentionally introduce IQ imbalances. Identical amounts of IQ imbalances are added to both of the x -and y -polarization ports. The signal is then sampled at twice the symbol rate and fed into the adaptive FIR filters configured as either in the conventional manner [see Fig. 2(a) ] or in the proposed way [see Fig. 2(b) ]. The delay-tap spacing is T =2, where T is the symbol duration. Such FIR filters simultaneously perform clock recovery, equalization of linear impairments, polarization demultiplexing, and IQ-imbalance compensation. The step-size parameter for the LMS algorithm is optimized so that bit-error rate (BER) is minimized. Next, carrier phase estimation based on the decision-directed LMS algorithm [18] , symbol decoding, and BER calculations is done in this order. For the performance evaluation of different modulation formats, we calculate the penalty for the energy-perbit-to-noise spectral-power-density ratio, i.e., E b =N 0 , at BER of 10 À3 . In the following, results for the x -polarization tributary are presented; however, similar results are found for the y -polarization tributary. Fig. 3 shows the E b =N 0 penalty for different IQ phase mismatches when neither IQ gain mismatch nor IQ delay skew is included. In the simulation, we assume that x ÀI ¼ y ÀI ¼ 0 and vary the rotation angle of the Q axis x ÀQ ¼ y ÀQ to generate the IQ phase mismatch. In the conventional configuration, tolerances for the IQ phase mismatch are about 25 , 10 , 5 , and 2.5 for 4-, 16-, 64-, and 256-QAM formats, respectively, when the E b =N 0 penalty is less than 2 dB. However, no notable penalty is found over a wide range when the proposed scheme is used. The E b =N 0 penalty as a function of the IQ gain mismatch is shown in Fig. 4 when neither IQ phase mismatch nor IQ delay skew is included. We set the gain of the I port as a reference such that
x ÀI ¼ 1 and y ÀI ¼ 1 and vary x ÀQ and y ÀQ to introduce the IQ gain mismatch. As far as the E b =N 0 penalty is less than 2 dB, tolerances of the conventional configuration are about 4 dB, 1.75 dB, 0.75 dB, and 0.4 dB for 4-, 16-, 64-, and 256-QAM formats, respectively. However, with the proposed scheme, no significant penalty is observed over a wide range of the IQ gain mismatch. Next, we calculate the E b =N 0 penalty due to the IQ delay skew when neither IQ gain nor IQ phase mismatch is involved. As shown in Fig. 5 , we find that the conventional FIR-filtering scheme is very sensitive to the IQ delay skew and the tolerance drastically decreases with the increase in the level of modulation; however, the proposed method has a very wide range of tolerance to such IQ delay skew. In fact, a quasi-continuous delay can be generated even by using T =2-spaced FIR filters, as shown in [14] . Therefore, any amount of delay skew can be compensated for with T =2-spaced FIR filters having a sufficient number of delay taps.
Finally, we investigate the combined effect of all of the IQ imbalances. Fig. 6 shows constellation diagrams for different modulation formats. In the simulation, E b =N 0 for each polarization are 10 dB, 14 dB, 18 dB, and 23 dB for 4-, 16-, 64-, and 256-QAM formats, respectively. Upper diagrams show constellation maps calculated with the conventional FIR-filter configuration when any IQ imbalances are not included. Middle and lower diagrams are calculated with the conventional and proposed schemes, respectively, when IQ imbalances listed in Table 1 are included. As shown in the middle diagrams, the conventional approach fails to compensate for the IQ imbalances. However, the lower constellations are as clear as the upper constellations, showing that the proposed method can perfectly compensate for those IQ imbalances.
In our simulations, we do not include the effect of the limited ADC resolution. However, we generally need ADCs with higher bit resolution as the increase in the IQ imbalance. This situation is similar to other IQ-imbalance compensation methods. Table 1 are involved. Lower diagrams are constellation maps calculated with the proposed scheme when the same IQ imbalances are included.
TABLE 1
Values of IQ imbalances used in che Calculation of constellation maps shown in Fig. 6 It is also important to mention the computational complexity of the proposed scheme compared with that of the conventional FIR-filter scheme. The hardware-implementation complexity for a multiplier is much higher than that of an adder. Hence, if we evaluate the computational complexity in terms of the number of real multiplications, the conventional FIR-filter configuration and the proposed configuration have the same computational cost. This is because a complex-number multiplication in the DSP circuit is realized by using four real-number multiplications.
Conclusion
We have proposed a novel FIR-filter configuration, which can compensate for IQ imbalances generated in the front-end circuit of coherent optical receivers. With intensive computer simulations, we have evaluated the impact of IQ imbalances on the performance of dual-polarization 4-, 16-, 64-, and 256-QAM systems and verified that the proposed scheme can effectively compensate for them.
